For the patients with hepatocellular carcinoma (HCC), conventional chemotherapy is insufficient or has no benefit. Although combination chemotherapy has been proven as an efficient strategy to enhance anti-HCC efficacy, some barriers, such as low bioavailability and side effects, are limiting clinical development. In order to overcome disadvantages of combination chemotherapy in HCC, targeted nanoparticles (NPs) simultaneously loaded with doxorubicin (DOX) and in an optimal synergistic ratio were developed. First, the most synergistic combination with DOX was screened from ABT-199, ABT-263, and ABT-737. Among them, ABT-199 showed optimal synergy with DOX in a ratio of 10 : 1. Then, cationic amphipathic starch (CSaSt) and hyaluronic acid (HA) were used in coencapsulations of those two drugs. Dual-drug synergistic nanoparticles (DDS NPs) were constructed by absorption of DOX NPs around ABT-199 micelles with an optimal ratio via electrostatic interaction. The shape of DDS NPs was similar to a raspberry, and the size was 112 6 ± 13 4 nm. The encapsulation efficiencies of DOX and ABT-199 in DDS NPs were 90 2 ± 4 3% and 94 7 ± 2 8%, respectively; meanwhile, the drug loadings were 1 5 ± 0 4% and 14 1 ± 1 1%, respectively. After 72 h of dialysis, 95% of ABT-199 remained and less than 50% of DOX was released. In vitro investigation showed that the drugs in DDS NPs maintained the treated effect in three HCC cell lines; moreover, DDS NPs could perform intracellular delivery of dual drugs and exhibited continuous release of the drugs into different targets. Low in vivo toxicity was found after the acute toxicity test. In vivo fluorescent imaging revealed that DDS NPs could efficiently target and accumulate in the tumor tissues and be maintained more than 72 h after intravenous injection. Compared with free drugs, DDS NPs with the same dosages exhibited a more significant antitumor effect in the HCC xenograft mouse model. The results indicated that DDS NPs have great potential in HCC chemotherapy.
Introduction
Hepatocellular carcinoma (HCC) is the most primary liver cancer and the second most common cause of cancerrelated deaths in the world [1] . The prognosis of HCC is very poor, with only 12.7% of a 3-year survival rate and 9 months of a median survival [2] . The increase of HCC and HCC-related death incidence has occurred in the past decades in South and East Asia, sub-Saharan Africa, Southern Europe, and North America [3] . HCC could be curatively treated with surgery and liver transplantation in the early stage of malignancy. However, there are only 15% of patients who are eligible for the further curative treatment, while the other majority of cases will present with serious disease [4] . Chemotherapy is the main clinical treatment in various stages of HCC. Sorafenib is one of the FDAapproved chemotherapeutic medicines for intermediate and terminal HCC. However, sorafenib still does not provide satisfactory effectiveness [5, 6] . Prior to sorafenib, DOX was the most common first-line drug in treatment of advanced HCC. It demonstrated objective response rates ranging from 0% to 79% in an initial phase II study [7] . However, severe side effects such as cardiotoxicity and neutropenia occurred due to poor targeting efficacy of DOX, which has caused very serious complications in clinical cancer treatment [8] . Furthermore, chemotherapy-resistant HCC has been reported in many studies [9] [10] [11] . Currently, combinational chemotherapy has increasingly attracted the attention in clinical tumor treatment [12] . In contrast with single-drug treatment, combined therapy could impact different pathways in tumor proliferation, metastasis and invasion, thus increasing the chemotherapeutic efficacy and decreasing side effect and tumor resistance [13, 14] . Several combination treatments were reported in HCC to enhance the antitumor effect. DOX combined with cisplatin caused marginal clinical benefits which included 18.9 of objective response rates, 7.3 months of median overall survival, and median progression-free survival of 6.6 months with tolerable side effect. The cisplatin/interferon alpha-2b/doxorubicin/fluorouracil (PIAF) is a chemotherapeutic combination for treatment of HCC. It is an effective option for HCC patients who have normal liver function. Nevertheless, systemic side effects of PIAF treatment are still inevitable [15] [16] [17] [18] . In general, treatment studies of HCC are still not satisfactory, let alone meet the demand of clinical therapy for HCC. Thus, more effective combination chemotherapy is still worthwhile.
The novel development of target therapies focuses on tumor-specific factors or kinases. B cell lymphoma-(Bcl-) 2 family proteins, which are overexpressed in various tumors including HCC, play a very important role in tumor development and treatment resistance [19] [20] [21] . Bcl-2 protein can be bound with many proapoptotic factors, such as Bad and Bak proteins, thus inhibiting the process of apoptosis. Therefore, targeting the antiapoptotic Bcl-2 proteins with small molecule compounds will be a promising therapeutic strategy [22, 23] . Apogossypolone is a Bcl-2 protein inhibitor, and it has demonstrated some benefits in anti-HCC treatment when combined with DOX [24] . Oltersdorf and coworkers discovered ABT-737, which is a small molecule compound used to effectively inhibit Bcl-2 family proteins. The inhibitor exhibited markedly antitumor activity and reduced mortality in a xenograft animal model. The mechanistic research indicates that ABT-737 does not directly induce the apoptosis of tumor cells, but it could enhance the chemotherapeutic effect of other agents; the reason is that ABT-737 could increase expression of death signal factors. Thus, it displays synergistic effect with chemotherapeutics and radiation [25] . However, the clinical prospects of ABT-737 were hindered by its poor aqueous solubility and physiochemical properties. Then, ABT-263, a new inhibitor of Bcl-2 family proteins, was synthesized. The compound exhibited selective inhibition to Bcl-2-related tumor cells and elicited tumor regressions in B cell lymphoma and multiple myeloma xenograft mice. ABT-263 is investigated in clinical trials. Nevertheless, as preclinical data showed, ABT-263 induced concentrationdependent thrombocytopenia [26] [27] [28] [29] [30] . Souers et al. reported a new derivative of ABT-263 named ABT-199. ABT-199 exhibited highly potent, oral bioavailability with high affinity for Bcl-2 protein. More importantly, the compound inhibited the progress of Bcl-2-dependent tumors, without reducing human platelets [31] . Mechanistic research revealed that the inhibitors could enhance the effects of the death signal, while displaying synergistic cytotoxicity with chemotherapeutic agents. Thereinto, ABT-737 showed a certain synergistic effect in combinational chemotherapy of HCC treatment. In order to overcome limitation of ABT-737 in liver cancer, Ren and colleagues demonstrated the ABT-737 and norcantharidin have synergistic effect in hepatocellular carcinoma cells which accordingly induces apoptosis [32] . Zheng and coworkers found that curcumin significantly enhanced inhibited effect of ABT-737 on liver cancer cells. And it also depends on the induction of apoptosis. Moreover, they indicated that activation of the ROS-ASK1-c-Jun N-terminal kinase pathway should be an important factor of the synergy in the combination [33] . Thus, ABT-199, ABT-263, and ABT-737 have potential to be used for screening of more effective drug combinations in treatment of HCC. Except for the effect of the drug by itself, another main barrier of combination chemotherapy is unifying the pharmacokinetics and cellular internalization of multiple drugs with a precise optimal ratio. The nanocarrier can resolve the issue of drug delivery [34] .
Encapsulation and portioning of multiple therapeutic agents into a target nanocarrier system will provide a satisfactory strategy for synchronous delivery to the targeted tissues and cells [35, 36] . Various studies focused on combinational agent nanocarriers for HCC delivery and treatment. Zhang and coworkers prepared a DOX and sorafenib-targeted codelivery NPs for treatment of HCC and showed efficient results in the antitumor experiment [37] . Another codelivery nanocarrier of DOX and curcumin was reported [38] . Besides, optimal treatment also depends on a reasonable ratio between drugs. However, the ratio of drugs in vehicles is too difficult to adjust. In our previous study, a multifunctional nanoparticle with an adjustable drug ratio and excellent delivery was developed. In the case, the loading of the two drugs in the nanoparticle, which are DOX and apogossypolone, met an optimal ratio by adjusting the amount of subsystems [39] . Based on the study, an excellent anti-HCC nanocarrier was designed. Initially, we investigated the synergistic anti-HCC of DOX combined with ABT-199, ABT-263, and ABT-737. Then, coencapsulated optimal combination by CSaSt and HA via a self-assembly process formed DDS NPs. The NPs could effectively deliver the drugs into HCC cells in vitro and in vivo and implemented [40] . CI (combination index) values reflected combinable effect of drugs, where CI values less than 1.00 were considered as a synergistic effect.
Preparation and Characterizations of DDS NPs.
The process of preparation included two steps. In the first step, the core ABT-199 (optimum drug combined with DOX)-loaded micelles were constructed. 10 mg of ABT-199 and 20 mg of CSaSt were dissolved into 1 mL of DMSO. Then, the mix was dropwise added into 5 mL distilled water under stirring and kept stirring for 15 min. The micelle solution was dialyzed (7000 Da MWCO) with water for 24 h, while replacing the water twice during dialysis. On the other side, 1 mL of DOX solution (10 mg/mL) was added into 5 mL of HA solution (4 mg/mL) under stirring. After 20 min of stirring, DOX NPs were obtained. Then, the ABT-199 micelle solution was slowly dropped to the DOX NPs solution. The proportion of the two kinds of solutions was based on the solvent mass ratio. After preexperiments, the realizable interval of proportions about ABT-199 MCs and DOX NPs was 1 : 8 to 15. For 30 min of electrostatic self-assembly, the DDS NPs were prepared successfully. The soluble impurities and solvent were removed by dialysis.
The Malvern instrument (Nano-ZS90, Malvern, UK) and transmission electron microscope (TEM) (JEM-2100F, JEOL, Japan) were used to measure size and morphology of DDS NPs. The drug loading (DL) and encapsulation efficiency (EE) of ABT-199 and DOX in DDS NPs were measured by HPLC and calculated with formulas
2.4. In Vitro Release and Stability of DDS NPs. The drug releasing of DDS NPs was investigated by dialysis. DOX is primarily used in this test, because of having fluorescence and solubility. In comparison, ABT-199 is a hydrophobic molecule. It is too difficult to use in aqueous dialysis. As for the control groups, the same concentration of free DOX and DDS NPs with 10 U/mL of HAase was dialyzed under the same condition. The stability of DDS NPs at different times and temperatures was measured by changing the size.
In Vitro Cytotoxicity and Internalization of DDS NPs.
The cytotoxicity of DDS NPs was investigated by the WST-8 method as described previously. The medium with the drug or NPs was added into 96-well plates. There were 5 concentration gradients in each sample. The cellular internalization of the DDS NPs was observed by fluorescence NPs, in which coumarin-6 was used to label DDS NPs. HA was utilized in the blocking test. The cells were cultured for 48 h and then added the samples at different times. The cells were fixed with paraformaldehyde (4%) for 10 min, and DAPI was added for labeling the nucleus. Observation was executed under a confocal microscope (TCS SP5 II, Leica, Germany).
2.6. In Vivo Toxicity of DDS NPs. In vivo toxicity was investigated by the acute toxicity method and the hemolysis assay.
In the acute toxicity method, ten male and ten female mice were divided randomly into two groups to compare the in vivo toxicity of DDS NPs and free drug combination. The mice were fed in a SPF condition. After 3 days, the mice were intravenously injected drugs and the NPs with same dosages. The death number of mice were recorded, and mortality rates were counted within 14 d. The liver and heart tissues were taken for histopathology analysis. For the hemolysis assay, the whole blood of mice was drawn and then treated with an anticoagulant. The blood was divided into 6 groups which are empty NPs, Triton X-100 (1% v/v), DDS NPs (DOX: 0.01 mg/mL, ABT-199: 0.1 mg/mL), dual drugs (concentrations were the same with DDS NPs), DMSO (0.5% v/v), and untreated group. The blood samples were incubated at 37°C for 2 h. After incubation, the samples were centrifuged at 13000 rpm for 15 min; then, the supernatants were collected for investigation of lysis. The supernatants were measured by an ultraviolet-visible spectrophotometer (UV2900, SOPTOP, Shanghai, China) at 394 nm absorbance [41] . All of the animal experiments were approved by the Laboratory Animal Administration Committee of Xi'an Medical University.
HCC Animal Model.
Male nude mice (4 w, approximately 16 g) were fed in a SPF condition. Adaptation was for 1 w. About 100 μL of DMEM medium with 5 × 10 5 of BEL-7402 cells were subcutaneously inoculated into the flank of the mouse. When tumors grew to the appropriate volume, the tumor-bearing mouse models could be used for further experiments.
2.8. In Vivo Distribution of DDS NPs. Four tumor-bearing mouse models were used for investigation of in vivo distribution of DDS NPs. 200 μL of IR-780 loading DDS NPs was intravenously injected in an animal model; another one was treated with the same amount of free IR-780 as the control. At different time points, the fluorescent signals of IR-780 loading DDS NPs and free IR-780 in the mice were observed by a Carestream molecular imaging system (Carestream Health, NY, US). All mice were euthanized by CO 2 overdose when imaging was finished, and the heart, liver, spleen, lung, Journal of Nanomaterials kidney, and tumors were taken. The fluorescent signals in tissues were measured in the same conditions.
In Vivo Tumor Inhibition Effect of DDS NPs.
Thirty of one tumor-bearing model were used for the investigation of in vivo tumor suppression. The models were distributed into five groups randomly; each group had six mice. The treatments included (1) saline, (2) ABT-199 separately, (3) DOX separately, (4) ABT-199 with DOX, and (5) DDS NPs. When the tumor grew to a sufficient volume, treatment began. Each group was intravenously injected twice per week for three weeks, and volume of injection was 200 μL with the same dosages. The sizes of tumors and weights of the bodies were recorded continuously.
2.10. Statistical Analysis. The GraphPad Prism 5.0 software was used for calculating the data. The data were presented as the mean ± SD of independent experiments. A P value < 0.05 was considered to have a statistical difference between the compared data. Although, ABT-737 had the most cytotoxicity in the three cell lines, the synergistic effect and dose reduction of the combination with DOX were less than DOX with ABT-199. Instead, there was an antagonistic effect between DOX and ABT-263. Further detailed studies were carried out with the combination of ABT-199 and DOX.
Results and Discussion

Preparation and Characterization of DDS NPs.
There are two obstacles that impede combinational chemotherapy in clinical development. Except for the effect of the drug by itself, another main problem is unifying the pharmacokinetics and cellular internalization of multiple drugs with a precise optimal ratio [34] . Advances in nanocarriers have supported remarkable opportunities in combination chemotherapy. Many nanoplatforms have been used for drug delivery [42] . In our previous study, a kind of CSaSt was prepared.
The material could encapsulate a hydrophobic compound in the core to form a nanomicelle with an electropositive surface. The micelle could absorb the electronegative substance or particle to achieve multiple assembly. Furthermore, another advantage of this method was that the two drugloading NPs were assembled with an adjustable ratio of synergy [39] . Based on this, the DOX and ABT-199 coencapsulation nanocarrier with an optimal drug ratio was designed and prepared. The process included two steps. First, the ABT-199-loaded micelles and DOX NPs were constructed, respectively. Then, we assembled DDS NPs from two 5 Journal of Nanomaterials counterparts via electrostatic adsorption, where ABT-199-loaded micelles served as the core and DOX NPs were absorbed around them. Figures 1(a)-1(c) show the TEM images of ABT-199-loaded micelles, DOX NPs, and DDS NPs. As shown in the photos, three kinds of NPs were monodispersed in aqueous solutions. The shapes of ABT-199-loaded micelles and DOX NPs were spherical, and the average sizes of them were 82 3 ± 6 9 nm and 21 4 ± 4 1 nm, respectively. Moreover, DDS NPs showed relative surface roughness, and the size was 112 6 ± 13 4 nm. All of the nanocarriers showed homogeneous size distribution, where PDI of DOX NPs, ABT-199 MCs, and DDS NPs were 0.342, 0.211, and 0.237, respectively. These results accorded with the expected outcome where DDS NPs were assembled by DOX NPs around ABT-199 micelles, and the shape was similar to a raspberry. The size of DDS NPs was below the limited size for leaky pathological capillaries, which give NPs a potential feature for use in negatively targeted cancer chemotherapy via the enhance permeability and retention (EPR) effect [43] . The sizes of NPs were also consistent with TEM images. However, the NPs in measurements of dynamic light scattering were bigger than the TEM observation. The main reason was that the aqueous solvent was eliminated during the process of TEM observation. The zeta potentials proved the encapsulation process. The zeta potentials of ABT-199-loaded micelles, DOX NPs, and DDS NPs were +34 8 ± 5 1, -24 1 ± 3 5, and -26 1 ± 6 7 mV, respectively. It further proved that DDS NPs could be attributed to the electrostatic absorption between positive ABT-199-loaded micelles and negative DOX NPs, and the latter covered the surface of the former. The negative zeta potentials of DDS NPs supported good dispersion stability in the circulatory system [44] . 
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The capacities of DDS NPs showed a direct influence on drug delivery and synergistic effect. Thus, the EE and DL of DDS NPs were measured by the HPLC method and calculated. The maximal EE and DL of ABT-199 were 94 7 ± 2 8% and 14 1 ± 1 1%, respectively; meanwhile, the EE and DL of DOX were 90 2 ± 4 3% and 1 5 ± 0 4%, respectively, which meant that DDS NPs have remarkable encapsulation. Ulbrich et al. codelivered DOX and docetaxel into a core-shell polymer through self-assembly of the copolyester PBS/PBDL and HPMA-based copolymers. In this study, DL of DOX was similar with DDS NPs, but docetaxel loading is only 5.5% [45] . Lv et al. reported a PEG-polypeptide nanovehicle, where drug loading was about 8% in total [46] . Furthermore, the data indicated that the ratio of ABT-199 and DOX was about 1 : 10, which was matched with the optimal rate of combination. As shown in Figure 1(d) , the release profiles of DOX in DDS NPs were investigated in aqueous condition, free DOX, and DDS NPs with HAase as the control. Free DOX showed obvious burst releasing in the dialysis; it was rapidly released from the dialysis membrane into the outer phase, with more than 95% of the solvent burst released within 12 h. In contrast, only less than 50% of DOX in DDS NPs was released out after 72 h. It is noteworthy that HAase could increase releasing of DOX from DDS NPs. When the HAase was added, more than 80% of DOX was released rapidly. It is because the HA layer degraded progressively. The result shows that DDS NPs could encapsulate hydrosoluble DOX via electrostatic interaction with HA, and the drug was released effectively in tumor tissues, where there was a higher concentration of HAase in many solid tumor tissues than normal tissues. ABT-199 is water-insoluble. The amount in DDS NPs was determined in residues of lyophilization after dialysis. More than 95% of ABT-199 remained in DDS NPs, which means that encapsulation of ABT-199 was very stable. The changes of hydrodynamic diameter measurements were investigated for stabilities. The sizes of ABT-199 micelles and DDS NPs were stable at 90 d, which were only less than 10% of increase (Figure 1(e) ). Therefore, DDS NPs could remain very stable in neutral pH and 4°C. Figure 1(f) shows the temperature stability of DDS NPs. When the temperature was below 40°C, both of ABT-199 MCs and DDS NPs were very stable. However, if the temperature exceeded 40°C, the size and dispersity decreased rapidly. It was attributed to the electrostatic interaction significantly affected by thermal force. Moreover, the thermodynamic factor is the key in the formation of micelles. The process is associated with compensation of entropy and enthalpy and related to the temperature. Temperature influences movement of the hydrophobic chain at temperatures above their glass transition temperature [47] .
In Vitro Cytotoxicity and Cellular Internalization
Behavior of DDS NPs. Even though the synergistic effect of DOX and ABT-199 was demonstrated, DDS NPs retaining the optimal effect of inhibition remains unknown. Therefore, in vitro cytotoxicity of DDS NPs in the three HCC cell lines was investigated firstly. As Figure S1 shows, empty NPs exhibited little toxicity indicating safety of the materials in 7 Journal of Nanomaterials subsequent experiments. The cytotoxicity of DDS NPs in cell lines was similar with the free drug combination. Thus, the in vitro cytotoxicity of DDS NPs was all due to the drugs which were coencapsulated in the NPs. The results were matched with other combined nanocarriers reported [48] [49] [50] .
In order to observe the process of internalization and intracellular release of DDS NPs. The fluorescent dye was utilized in the experiments. Coumarin-6 is a hydrophobic green fluorescent dye which has a high quantum yield, stable fluorescence, and strong affinity to the membrane. It is widely used as a model compound loaded in solid lipid NPs [51, 52] . The dye was used to encapsulate in the core of DDS NPs; in addition, DOX has red fluorescence; therefore, dual-fluorescence DDS NPs were obtained. Figure 2 shows the process of internalization of DDS NPs in the BEL-7402 cell line. The concentrations of dyes increased with extended treatment time and reached a peak in 4.5 h after adding NPs. However, dynamic distributions of DOX and coumarin-6 exhibited significant distinction during the process of internalization. In the initial 1.5 h, both DOX and coumarin-6 were mainly accumulated in the cytoplasm. The intensity of coumarin-6 was primarily retained in the cytoplasm during the overall process. The fluorescent signal of DOX, in contrast, had an obvious shift later on. After 4.5 h, the distribution of DOX diffused from the cytoplasm into the entire cell. 9 h later, majority of DOX gathered in the nucleus. This phenomenon indicated that intracellular release of loading occurs in multiple steps. Initially, DDS NPs entered the cytoplasm via endocytosis. At this stage, the NPs were contained within the endosomes. The endosomes were transformed to lysosomes via acidification over time. Then, DDS NPs began to break down, and HA was decomposed, followed by the release of DOX. DOX primarily binds to the nucleus; thus, the fluorescent signal was shifted from the cytoplasm into the nucleus. In the second step, the micelle core was exposed in the lysosomes, and the materials, which were based on starch, were decomposed causing coumarin-6 to be released. Coumarin-6 is a hydrophobic dye and has high affinity to the membrane. Thus, green fluorescence remained in the cytoplasm. The result suggested that DDS NPs could perform intracellular delivery of dual drugs and exhibit continuous release of the drugs into different targets. Thus, the synergy of DOX and ABT-199 could be guaranteed. Figure 3 shows the cellular uptake profiles with or without HA blocking. In this case, 1% of HA was added into the medium before the incubation with DDS NPs. An evident fluorescent signal could be observed in the cytoplasm after 1 h of incubation. In contrast, only slight fluorescence was observed during the blocking treatment at the same time, which means that HA molecules competed with DDS NPs in the process of internalization. The result indicated that the endocytosis of DDS NPs was mediated by HA receptor which is on the surface of the cell. HA is a receptor of the CD44 protein, which has a high expression on the surface of the hepatic cancer cell. It can target tumor tissues [53] .
3.4. In Vivo Toxicity of DDS NPs. In vivo toxicity is one of the most important measurement indices in the study of antitumor drug delivery. One primary advantage of antitumor nanocarriers is a decrease in nonspecific toxicity in normal organs and tissues. Thus, in vivo acute toxicity in mice was used to investigate systemic toxicity. Figure 4 shows the results of acute toxicity of DDS NPs and free dual drugs. There was only 1 mouse dead in the DDS NPs treatment group. In the free drug group, only 40% of the mice survived. The result demonstrated that acute toxicity of DDS NPs was significantly lower than the free drugs. After 14 d, the surviving mice were euthanized, and their heart and liver were pathologically sectioned and HE-stained. DOX proved to have cardiac toxicity. As a hydrophobic compound, ABT-199 is primarily metabolized in the liver. The pathological investigation of the heart and liver demonstrated a similar result. The tissues from the heart and liver in the dual-drug group showed obvious pathological changes. The tissue of the heart exhibited typical characteristics of myocarditis. As shown in the right edge of the heart image in dual- 8 Journal of Nanomaterials drug treatment, in the part of the tissues, myocardial cells disappeared and were replaced by lymphocytes. Basophilic staining of the remaining myocardial cells in the inflammatory foci was enhanced. The pathological changes were also observed in hepatic tissues. Hepatocytes occurred swelling and irregular arrangement. Liver steatosis resulted in hepatic sinus stenosis and lipid droplet vacuoles in the cytoplasm of some hepatic cells. In contrast, the organs from the DDS NPs group were healthier than in the dual-drug group after treatment. The results of the hemolysis assay are shown in Figure S2 . The lysis percentages in DDS NPs and empty NPs were 14% and 8%, respectively. The data in dual drugs and DMSO groups showed higher lysis percentages, which were 38% and 11%, respectively. The result indicated that DDS NPs markedly reduced the in vivo toxicity of the drugs.
In Vivo Distribution and Antitumor Effect of DDS NPs.
An in vivo visual imaging technique uses fluorescently tagged nanocarriers injected into the animals that were diffused in the blood stream and channeled to the tissues. The nearinfrared fluorescent dyes have prominent superiority in animal imaging. IR-780 is a hydrophobic near-infrared fluorescent dye [54] . Thus, the dye was used to replace in the core of DDS NPs; therefore, near-infrared (NIF) fluorescent DDS NPs were obtained. The xenograft mouse models, which bore the BEL-7402 tumor, were used for investigating the in vivo distribution. 9 Journal of Nanomaterials fluorescent signal was accumulated in the liver of the mouse in the DDS NPs group. At 6 h, the fluorescent signal started to accumulate in the tumor and tapered off from the liver. The signal peaked from 24 to 48 h. Whereafter, the fluorescence remained 72 h. The fluorescent signal in the mouth, urethral orifice, anus, and feet of the mice was due to the licking and touching of urine which contained the eliminated IR-780. The dye was hydrophobic, which allowed it to conveniently stick to the skin and mucous membranes [39] . The tumor and organs were collected after 72 h. In the free IR-780 group (in bottom row), the fluorescent signal was mainly remained in the liver, spleen, and tumors. The signal in the DDS NPs group (in upper row) was much stronger than that in the free dye treatment. It was mainly accumulated in the tumors, lungs, spleen, and liver. The result indicated that DDS NPs significantly prolonged the in vivo circulation time of IR-780, and it was relatively strong in tumor tissues. It indicated that DDS NPs could improve the tissue distribution and support tumor targeting. The primary reason of DDS NPs accumulating in the liver, lung, and spleen was that these organs also have a HA receptor [53] . Thus, DDS NPs had a significant tumor targeting site and reduced the accumulation in normal tissues, which could improve the antitumor effect; meanwhile, it decreases the side effects of the drugs. The treatment dosages of ABT-199 and DOX were 10 mg/kg and 1 mg/kg, respectively. Each treatment was intravenously injected two times per week for three weeks. The tumorous volumes and body weights were recorded on the next day after injection. Each group has 6 mice, and error bars represent SD; * * * P < 0 001 and * * P < 0 01.
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Tumorous volume was intuitively responsive of in vivo antitumor effect. Thus, the tumor sizes and body weights of xenograft mice were measured after injection. The dosages of DOX and ABT-199 injection were 1 and 10 mg/kg, respectively. The drug dose in the combination groups was the same as the single-drug treatment, which was matched with an optimal ratio during the preparation of the DDS NPs. The tumor growth curves are shown in Figure 6(a) . The average volume of tumors in the saline group enlarged about 16-fold. Moreover, the tumorous volumes in the free drug treatment groups showed different increasing curves over time. Among them, the tumor sizes in the group treated with a combination of drugs were less than the single-drug groups. The tumors in the DDS NPs group were much smaller than those of the other groups. After statistical calculation, (1) drugs and DDS NPs treatment groups had a significant effect compared to the saline group (P < 0 05), (2) the treatment with combination of drugs was more effective than both of the single-drug treatment groups (P < 0 001), and (3) the DDS NPs group showed a more notable tumorsuppressed effect than all of the free drug groups (P < 0 05). The in vivo tumor suppressive efficacy of DDS NPs was attributed to prolonged circulation, the effective tumor targeting, and synchronized delivery of the drugs with an optimal ratio. Compared with another study of anti-HCC, DDS NPs showed more effectiveness in a same BEL-7402 tumor-bearing mouse model [55] . The weights of mice between groups showed significant differences. All of the free drug treatment groups showed obvious descends when compared to the saline and DDS NPs groups. Among them, the weights in DOX and combination groups were the lightest. There were many reports suggesting that DOX have very high toxicity [56] . However, ABT-199 showed relatively low toxicity. The weights of mice in the DDS NPs group did not show significant difference in the saline group. The data indicated which DDS NPs could reduce drug toxicity, and the possible reason could be tumor targeting, enhanced circulation of the drugs, and sustained release in vivo.
Conclusions
In conclusion, we screened an excellent drug combination for the treatment of HCC, which included DOX and ABT-199. We then prepared superior bioavailable, synergistic, targeted, and effective dual-drug nanocarriers, DDS NPs, which also have adjustable proportions of drugs, low acute toxicity, and sustained release performances. Compared with single DOX and ABT-199, DDS NPs effectively integrate the synergistic antitumor effect of dual drugs, and overcome in vivo toxicity of the drugs. The results indicated DDS NPs have great potential for clinical prospect of HCC chemotherapy. 
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